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Abstract

We investigate the contributionof theO(4) 1evels

toward the charge iluctuation-mediated attractionV

betweenchargecarriers, theHuctuationoccuringinthe

Cu(1)-0(1)-0(4) 1inearchains. ThemagnitudeofVis

sensitivetotheholeconcentration"c inthechains, and

thepresenceof theO(4) levels induces comparatively

largevaluesofVinacertainrangeof"c.

§1 1ntroduction

Toaccount for thescaledupvaluesofthesuperconducting

critical temperature inCu-Obasedcompounds・manvauthors
haveproposedvariousmechanisms including, forexample, the
excition,')-4)plasmon,5)-6)andantiferromagneticspinHuctuation7)
mediatedpairingmodels, alongwiththeconventionalphonon-
model. However, inspiteof suchaccumulatedinvestigationsit
appears thatmuchworkhasstill tobedonebeforeadetailed
understandingofthephenomenon.
Atitslowtemperaturephase, thecrystalstructureofhigh-n
compoundYBa2Cu307_x indicatesthesimultaneouspresenceof
the lDCu(1)-0(1) chainsand2DCu(2)-0(2,3) planes,Cu(1)
andCu(2) beingbridgedwithO(4) atoms.8)-9) Althoughthe
current ismainlycarriedbyholesonthe2DCu－Oplanes, the
phenomenonofhigh-Tc superconductivity isobservedonly in
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the presence of the lDCu-Ochains. This factmaybeof
primaryimportanceinunderstandingthelargenandmotivates
ustostudytherelationofsuchastructurewiththeoccurrence

ofsuperconductivity. Thepurposeofthispaperistoinvestigate
thecontributionoftheO(4) 1evelstowardenhancingtheeffective
attractionbetweenchargecarriers, theattractionbeingcaused

bythechargeHuctuationsinthelDCu-Ochains. AIthoughthe
chargeHuctuation-mediatedpairingmechanisms havealready
beendiscussed inanumberof papers inthecontext of the

excition,plasmon,orchargetransfermediatedpairingmodel,4)
thecontributionoftheO(4) Ievelshasnotyetbeenstudiedin
detail inthesamecontext・ Forexample,Varmaetal4) have
discussed theattractiondue to scatteringof electrons from
excitonicresonanceswhichoccuronthecurrent sheets (i.e. on
the2DCu(2)-0(2,3) planes) andbeindifferenttotheO(4) levels.
Inthispaperweaimatstudyinghowthepresenceof theO(4)
levelscoupledtothelevelsinthelDDu(1)-0(1) chainsmodifies
theeffectiveattraction,dependingonthepositionof theFermi
eneryinthechains.

TheO(4) ionsplaytheroleofthejunctionbetweenCu(1)and
Cu(2). HowevertheCu(1)-0(4)distance(1.8A) ismuchshorter
thantheCu(2)-0(4)distance (2.3A),andthisstructuralfeature
makesthebondingofCu(1)andO(4)strongerthanthatofCu(2)
andO(4). Thusindiscussionofthedensityof states (DOS) it
wouldbeareasonablestartingpointtoregardthatthelDCu-O
chainsarecomposedofCu(1),O(1) andO(4) ions.io) Inatight
bindingpicture, theDOSofsuchaCu(1)-0(1)-0(4) linearchain
isdescribedbythethreesubbands, i.e.thebondingandantibond-
ingsubbandsandthenarrowoxygen-dominant (OD) subband.
Thebondingandantibondingbandsaremainlyconstructedfrom
theCu(1) andO(1) levels,andbothofthemshowthelargelD
dispersion. Ontheotherhand, theODbandresultsfromthe
couplingoftheO(4) andO(1) levelsviatheCu(1) sitesand/or
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fromthedirecthoppingrbetweenthenearestneighborO(4) and

O(1) sites. Ifthedirecthoppingisneglected,theODbandwidth

Wb isapproximatelyequal tothedifference:betweenthesite-

potentialenergiesatO(1) andO(4),4E=|E｡(,>-E｡(4) |,whilefor
thevanishingJE,Wb isof theorderoff lt isreportedthat
theelectronoccupationnumberoftheカーstateatO(1) isslightly
smallerthanthat atO(4).(1) Thedifference isaboutO.03per
ion, andthissuggeststhenon-vanishing4E(0.2eV). t isalso
consideredtobeofthesameorderas4E.

Forthepresentmaterial, thebondingandantibondingbands
areentirelyoccupiedandunoccupiedbyelectrons, respectively.
TheODbandisalsofullyoccupiedbyelectrons,but, itappears
thattheoccupationisnotcomplete. ThustheFermienergymay
benearthetopoftheODbandwhose lowerandupperedges
displaythesquare-root singularity (refer the laterdiscussion),
suggestingthelargeDOS (ofthelDCu-Ochains) attheFermi
energy・ This appears to be consistentwith the electronic
structurecalculatedbVMattheissetal(2). Indeedtheircalculation
indicatesthat theoxygenlevels inthelDCu－Ochainsyielda
sharppeakintheDOSneartheFermi enery. Insuchasitua-
tion, theintrabandand interbandtransitionsareverysensitive
tothepositionoftheFermieneryEIf, inthechains. Thisimplies
theconspicuousEFT-dependenceof theattraction・Wealsoaim
at invesigatingsuchadependence, inadditiontoastudyofthe
O(4) levels.

§2HolestateSintheSingleCu(2)-0(23) plane
Beforediscussingthecharge iluctuations intheCu(1)-0(1)-
0(4) linear rchains,webrie6yconsider theholestates inthe
singleCu(2)-0(2,3) planemodel. Intheframeworkofatight-
bindingpicturetheHamiltoniancanbeexpressedas

(2.1）H=Hb+H℃oulomb，
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with theone-particle andCoulomb repulsion termsHb and

HboulombgiVenby

Hb=Ec"Zfsfffs+ffis+E｡,"Z"Zsα加s""ls+E0,Z"s6"s+6"s
＋ｵα/22<">s(ぬγ+α沢s+".c､)+rb/2Z<">s(cifs+6"s+".c.)
＋/α6/4Z<"Z">s("ms+6"s+〃.c.), (2.2)

and

Hboulomb=[/c'/2Zfs""α"f-Sd+Ub"/2Zms"醜sα邦加-Sa
+Ub"/2Z"s""sc""_sb+VhZ<im>Zsisz"is,~msz"
+VbZ<f">Zsisz"is,α"流Szb. （2.3）

Heretheoperators(lis+,""Ls+and6@s+creates-spinholesatCu(2),
O(2) andO(3) sites,respectively,andthesymbol<>stands
forapairofnearest-neighborsites. Ub"andUbzrepresentthe
magnitudesoftheCoulombrepulsionsatCu(2)andO(2,3) sites,
andVb istheintersiteCoulombrepulsionbetweentheneighbor-
ingCuandOholeswith"fs", 'zmfand 72"sb beingthehole
numberoperatorsatCu(2),O(2) andO(3) sites,respectively.
Whentaキ九andE-¥E0,6, thesystemisintheinplaneanisotropic
statewhich is realized in the superconductingphase of the
materialweareconsidering. Fourier-transformofHb leadsto

Hb=Ec"Z"s(Jks+dks+E0,"EM;s"M;s+(z"s+E｡, bZ"s6ks+ks
＋faZksCOS"α("ks+"ks+".c.)+/bZkscosたり("ks+66s+".c.)
/a6Zkscos々acos"b("ks+".c.) , （2.4）

wherewehavewritten陀工dzand"2ﾉa3ノ simplyasためand"!ﾉ,with
theCu(2)-0(2) andCu(2)-0(3) distancesa鯨anddy. The"and
ycomponentsof a2Dmomentum"areconfinedto the first
Brillouinzone,一元/2≦ん錘,た,≦汀/2. TheunperturbedHamiltonian
Hbcanbediagonalizedbythelineartransformation

Q,s+(") ‘kS+

Q2s+(") |=Uα朧s+ | , (2.5)
Q3s+(A) | | 6ks+
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andthediagonalizedHb isgivenas

Hb=Zj=11213Ej(")Qjs+(")Qjs("), (E1<E2<E3) (2.6)

withkeepingusualanticommutationrules

[Qis(た),Qjs+("')]+=6fj6脆施， (2.7a)
[QZS("), Q/s("'))+=0. (2.7b)

Thuswehavethethreesubbandsseparatedfromeachotherby
thefiniteenergygaps・ Inthefollowingdiscussion, thesubband
specifiedbytheenergyEj inEq. (2.6) iscalledtheEjband.
ThentheE,andE3bandscorrespondtothebondingandanti-
bondingbandsconstructedfromboththeCu(2)andO(2,3) levels,
whiletheE2 band ismainlyduetotheO(2,3) levelsandits
bandwidthisoftheorderofォαひ. It isastraightforwardexercise
toderivetheequationwhichdeterminestheeigenenergiesEj(")
forHb

Z(E,")=(E-Ec")(E-EO,q)(E-EO,b)一A2(E-EO,6)
-9k2(E-EO,Q)-["〃2(E-Ec")+2/"9"""］
=(E-E,("))(E-E2("))(E-E3("))=0, (2.8)

with/i=ｵaCOS冷砥,9k=tbcos"z/,〃脆=ubCOS陶遜COSた〃andE=Ez(").
Atthepresentstageweapplymeanfieldtheoretictreatment
totheCoulombrepulsiontermsgivenby (2.3). This iscon-
venientlyperformedbymakinguseofthetransformation(2.5)
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fromwhichwe find the followingexpressions for the self-
energiesduetotheCoulombrepulsions

Ub"/2Zis"isα"i_s~=U,/2Zk<>")Zj=1, 2. 3
xlz(/fj(") |2Qjs+(")Qjs(h), (2.10a)
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Ub"/2Z,ns"沢s｡","-s｡=[/2/2Zk(>kF)Zﾉｰ1, 2, 3
xIz(ﾉ2j(") |2Qjs+(")Q/s(") ,

Ub"/22"s""sb""_sb=US/2Ek(>">Zj=1, 2, 3
×|”3ﾉ(h)12Qjs+(")Qjs(") ,

(2.10b)

(2.10c)

and

～

U)=U'ZI:<<kF) |”j,(h) | 2, (j=1,2,3) (2.11)

wherez(/fjarethejーノelementsofthematrix"andU,=Ub2Land
Uh=US=Ub". Thesymbol ("<々")denotestakingtheルーsuminside
(outside) theFermi surface,""beingtheFermimomentum.We
assumethat theE, band ishalf-filledat stoichiometrV. Then.
for the in-plane isotropic case the summationZk<kF) inEq_
(2.11)mustbeperformedwithintherange

l"韮'十|""|≦7r/2, （2.12）

wheretheequalityofthebothsidesgivestheFermi surfacefor
thehalf-611edE, band. The presence of the small in-plane
anisotropyleadstoaslightmodificationof theFermi surface.
Similarprocedureisapplicabletothe晩一termsinEq. (2.3),and
thusweobtain the followingexpression for theunoccupied
energylevels

～

Ej(h)=E/(")+JEc,j(") , (j=1,2,3) (2.13)
with

JEc,,(")=Z'=,, ,, .titl""(") | 2+…… (2.14)
thedotsstandingfor thecontributionfromtheVb-term. We
noticethatthe4Ec, / termgivesrisetothesocalledtheHubbard
gap. Fromnumericalevaluation,wehaveconfirmedthat4Ec,,
becomesmuchlargerthan4Ec,2 forasetofadequateparameter
values (Ub"～8eV, Ub"～3eV,恥～0.5eV). This result is easily
understoodfromthefactthattheholes intheE,bandareunder
theinfluenceof thestrongCoulombrepulsionsatCu(2) sites.
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Thustherelation,E2(")>E,("), issatisfiedinthewiderangeof

thefirstBrillouinzone, andthentheE2 bandlies insidethe

Hubbardgap, i,e・ thegapbetweentheoccupiedandunoccupied
levelsoftheE, band， Insuchasituation, thecarriersofthe
supercurrentaremainlyintheE2band. TheCu(2) andO(3)
levelscontributetotheDOSoftheE2bandasfollows

～

必泌(",2(E)=Z"|""(ﾙ)12(E-E2(")) ' (2.15a)
～

Q(2),2(E)=Z"|""(") |26(E-E2(")) , （2.15b)

Q(3),2(E)=Z"|"az(") |26(E一風(ﾙ)) . (2.15c)
whicnaredepictedinFig.1． Inthis6gure,thesolidanddashed
curvesgivea<2),2+Do(8),2 andQ"(2),2, respectively, and the
curves (a) and (b) correspondtothe in-plane isotropicand
anisotropicstates・ For thein･planeisotropiCcase,Q(2),2and
Q(3),2givethesquare-rootdivergenceattheupperedgeofthe
E2band,whileforthein.planeanisotropiccaseanothersquare-
rootdivergenceappearsneartheupperedge, alongwiththe
divergenceat thebandedge.(8) Onthecontrary,a"(2) takes
smallvaluesinthewholerangeoftheE2 band, suggestingthe
smallcontributionoftheCu(2)holestothesupercurrent.

§3 1DchargenUctuatiOnSmtheCu(1)-0(1)-0(4)Chains
Inthissection,weconsiderthesingle2DCu-Oplaneandits
neighboring layercomposedofthelDCu-Ochains・ Ahole
pictureisemployed,andholesonthe2DCu(2)-0(2,3)planeand
onthelDCu(1)-0(1)-0(4) chainsarecalled2DandlDholes,
respectively.
TheCoulombinteractionsbetweenthe2DandlDholescanbe
expressedas

""'=Z"ZssUIj"""js, （3.1）

where"@sand"jsarethenumberoperatorsof2DandlDholes,
respectively,withsiteandspinindices, i,ノands,s', andthe
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Fig. 1． DOSsdefinedbyEqs. (2.15a,b). The solidanddashed
curvescorrespondtoDo(2),2+Do(8),2andDctc(2)respectively.
m24=0, オαb=1andオα="=1.5inunit ofeV, anda(2)=
a(3)=2, for (a)anda(2)=&(8)+0.1=2for (b).

ZnitudesoftheCoulombinteractiong r"_ AQQPPn lnmagnitudesoftheCoulombinteractions,Utj・ Asseeninthe
preceedingsection, thedominantchargecarriersaretheholesin
the&bandmainlycomposedoftheO(2,3) 1evels・ Thisimplies
thenecessityofconsideringtheCoulombinteractionsof the
O(2,3)holeswiththeholesinthelDCu(1)-O(1)-0(4) chains.
Inthefollowingdiscussion,weconsidertheinteractionsonly
withtheneighboringCu(1),O(1) andO(4)holes, althoughthe
shieldedCoulombrepulsionsarestilloflongrangenature. The
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IRi=1xRiy)
Cu(

)O(4)② 《

O(3) Cu(2)

Fig. 2. 2DCu(2)-0(2,3) andlDCu(1)-O(1). Cu(1) andCu(2)
arebridgedwithO(4).

situation is illustrated inFi9． 2where theCu-Olayers are
spannedbythe"andyaxes,withtheCu(1)-0(1)-0(4) chains
directedtothe"axis. Inanoversimplifiedtreatment,theshielded
Coulomb interactions are estimated in terms of the factor,
e2exp(－ヵsγ)γ－1, thenotationsusedbeingstandard・ Intheframe-
workoftheThomas-Fermiapproximation,theshieldingparameter
"s isgivenby"s2=4(3/7r)'/3"c'/3/fzowiththeconcentrationofthe
charge carriers"c andtheBohr radius"｡. For the present
material,"c～5×1021cm-2andtheCu(2)-Cu(1) andCu(2)-0(2,3)
distancesareroughly4Aand2A,respectively. Thus, inarough
estimatethemagnitudesof thehole-holerepulsionsaregiven
byUb(2)-0(4)=Ub(3)~0(4)～0.4eV, Ub(2)-c"(1)=Ub(3)~c"(1)～0.2eVand
Ub(2)_0(1)～0.25eV. SincetheO(3)-0(1)distance ismuch longer
thantheO(2)-0(1)distance,weneglectUb(3)－0（1）．
Wearenowinapositionofintroducingtheexplicitexpressions
fortheCoulombinteractionsbetweenthe2DandlDholes・ In

termsoftheCu(1),O(4) holecreationoperators"ps+,"ps+and
6ps+withlDmometumldirectedtothe"-axisandspins・Fourier-
transformof theCoulombrepulsionsbetweentheneighboring
O(2,3) andO(4)holescanbeexpressedas
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""6, 1=2Ub(2)_0(4)ERi"Zkl,"2Zss'COSq6("2z一角1砥－9)
xexp[-i("&"－ん2")Rf,]α応,s+"k285ps+(Rf:/)5p-qs(R'@I)
+2Ub(3)-0(4)Z職γZ",,"2Zss'6(h2"一々1鰯一")
XexP[-i("1"-"2")Ri"]6kls+6k2s5ps+(Riy)5p-qs(Rf") (3.2)

with2Dmomenta",=(",z,",y) and"2=(ﾙ2","2y),andlDmometa
'and9directedtothe"axis. Herewehavewritten'Z,"and9L"
simplyasland9,L" being theCu(1)-0(1) distance.The
variableR"specifiesthepositionsof the lDCu-OchainS,and
thusEps+(Rfy) createsaO(4)holeattheRi"-chain. Sinceinthe
presentmodel, thelDchargefiuctuationscantravel onlyalong
the"direction, they－componentofthemomentumofa2Dhole
isunchangedinthelDchargefluctuationemissionandabsorp-
tionprocesses. Dirac'sdeltafunctionin (3.2) indicatesmomen-
tumconservation inthe Jrdirection,with9representingthe
mOmentumcarriedbythelDchargeHuctuations・ Similarly,we
havethefollowingCoulombinteractions,

""@, 2=2Ub(2)_C"(1)ZRi"Z",,k2Zss'COSq6("2鯵－ん1鍾一q)
xexp[-i(","一々2")Ri"]α脇,s+(zy2sahs+(R,")ah-q$(R,,), （3.3）

HI"t, 3=2Ub(3)-c"(1)ZRi1ﾉZ"1,"2Zss'6(h2野－た1毎－9)
xexp[-j(",9－た2")Rj,]6",8+6"2sdps+(品")dp-qs(Rz"), （3.4）

""', 4=2Ub(2)_0(1)ERi!/Zkl,l:2Zss'6("2諺一片1"-q)
xexp[-i(#,"－た2w)R#z/]"",s+"M:2s"ps+(R,")"p_qs(Rj"). (3.5)

TheaboveHamiltoniansyieldthevariouslDchargefluctua-
tionemissionandabsorptionprocessesof theholes intheE2
band. Eachprocess isdescribedby therelevant threepoint
verticesasdepictedinFigs. 3 (a) and(b)wherethesolidand
wavy linesrepresent thepropagatorsof theE2 holesandthe
1Dcharge fluctuations, respectively. In the lowest order, the
Coulombrepulsions (3.2-5)giverisetothevertices,

Z~'0(2)-c"(,)(",た－9;9)=2Ub(2)-C"(1)922("'ルー9)cosq, (3.6a)
I~'0(2)-0(,<(",ん－9;9)=Ub(2)-0(1)922(",〃－9), (3.6b)
F｡(2)-0(4)(",冷一9; 9)=2Ub(2)-0(4)922("'〃－9)cosq, (3.6c)
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(a) (b)
Fig. 3． ThreepointverticesforthelDchargeiluctuationemission

(a) andabsorpticn (b) processesduetotheE2holes.

and ､

『0(3)-c"(1)(",内－9;9)=2Ub(3)-C"(1)932("'h_9), （3.7a)
Z~'0(3)-0(1)(",た－9; q)=2Ub(3)-0(1)=01 (3.7b)
I~'0(3)-0(4)(h,〃－9;9)=2Ub(3)-0(4)932(ﾙ,〃－9), (3.7c)

where9"=”〃(た)z""(た－9)withthe i-j componentsz""of the
matrixWde6nedbyEq. (2.9). AsiseasilyunderstOOdfromEq.
(2.9), thefactors922and932 inEqs､ (3.6) and (3.7) comefrom
takingtheQ2 componentoftheoriginalfermionoperators"+and
6+. WeneglecttheCoulombinteractionsoftheCu(2)holeswith
theneighbOringO(4),Cu(1) andO(1) holes,sincethecontribu-
tionoftheCu(2) levels totheE2 band isextremelysmall as
illustratedinFi9. 1. Makinguseof (3-6)and(3.7),theeffective
couplingsoftheE2holeSwiththeCu(1),O(1) andO(4) holes
canbedescribedbythe followingthreepointvertices, respec-
tivelv,

7,=I~'0(2)_C"(1)+FO(3)-CM(1) (3.8a)
72=Z~vO(2)－0(1)+I~v0(3)－0(1)， （3.8b)
73=Z~'0(2)_O(4)+FU(8)_O(4)． (3.8c)

Toinvestigatethescatteringprocessesof the2Dholesfrom
thelDchargefluctuatiOns,weneedtoclarifythepropertiesof
thelDchargeHuctuationS. Forthispurpose,"we introduce the
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unperturbedHamiltonianforasinglelDCu(1)-0(1)-0(4)chain,

Hb,,D=EzZzsais+3,s+E｡(1)Zjs"js+"js+E｡(4)Zisr#s+ris
+2<">s向j(dfs++".c.)+Zisr("fs+5fs+".c.)
+Zisr("fs+5ds+"･c･). (3.9)

HerewehaveneglectedtheindexRfyofthefermionoperators.
Fourier.transformingthelDHamiltonian (3.9),weeasilyfind
thatthethreeeigenenergiesE,,E2andE3 (E,>E2>E3)ofHb, ,D
satisfv

E-Ed=["+{9"2(Eo(1)-Ed)+2ryh9"} (E｡(,)-Eo(4))-,](E-Eo(,))-｣
+[#2+{9"2(Eo")-Ed)+2IM"} (E0")-Eo(1))-1](E-Eo"))-1, (3.10)

～

withjk=2#cos冷錘 and9k=2#cos冷鍾. Here,E, andE2 are the
energiesforthebonding(B)andantibonding(AB)subbandsand
E2 istheenergyfortheoxygen-dominant (OD) subband. Then
wecaneasilyprovethattheDOSsforthesesubbandsaregiven
by the followingcommon expression (withdifferent energy

，

rangeSノ

D(E)="_1{I(E)(1_1(E)}-1/2 1F(E) |-1 13E2-2(Ed+Eo(,)
+E｡(4))E+E"E｡(1)+Eo(1)Eo(4)+EO(4)Ea－ｵ2_4(#2+j2)I(E) |
×β(I(E))"(1-1(E)), (3.11)

where

~I(E)={(E-Ez)(E-E｡(1))(E-Eo(4))一t2(E-EO(1))} {F(E)}~1,
（3.12）

and

F(E)=4{#2(E-Eo(4)+72(E-Ed)+2", （3.13）

withHeaviside'sunitstepfunction8. CombinationofEqs. (3.12)
and(3.13) allowsustostatethateachsubbandhasthesquare-
rootdivergenceatitslowerandupperbandedges・ TheDOSfor
thelDCu-Ochain isdepicted inFig. 4where thesolid-dot,
dashedanddottedcurvesrepresent thecontributionfromthe
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Fig. 4 DOSsfortheB,ODandABbandsspecifiedbytheenergies
E1,E2andE3 (Eqs． (3.11a,b,c)),respectively・ Thesolid-
dot,dashed, anddottedcurvesrepresentthecontributions
frOmtheCu(1),O(1),andO(4) states.Ed=0,Eo(,)=2,

～

Eo(4)=2.2, /=1．5, #=0．82=0inunitofeV･ Thesmallbut~non-zeror leadstothesimilarcurvesfortheDOS.

Cu(1),O(1) andO(4) 1evels, respectively. This figureexhibits
thattheBandABbandsaremainlycomposedoftheCu(1) and
O(1) 1evels,whereastheODbandismainlyduetotheO(4)and
O(1) 1evels. Thus, theinterbandB-→OBandOD→ABandintra-
bandOD→ODtransitionswouldpartlyaccompanytheO(1)篭→
O(4) transitions. It isworthnotingthat intheabsenceofthe
O(4) levels, theDOS isconstructedonlyfromtheBandAB
bands; thentheparticle.holeexcitationsarerealizedonlybythe
B-ヶABtrausitions.

To calculate the lDcharge fluctuations, we introduce the
followingsingleparticleGreenfunctions,

~八

l"exp['(pR"-Ei)]<r4鏑瞬(r)Ajs"+(0)>,Gp加祁(E)=ZRj"
（3.14）
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where"z,n=1．2,3and
particle-holeexcitations
functions

Xo”(9,90)Zp‘_EGp+q/2沈"(E＋90/2)Gp-q/2"‘卿(E-90/2)， （3.15）

carryingmomentum9andenergy90. It isconvenientforour
purposetowriteG""4"(E) as

，-, m",万､ 。 フ"‘"，ハ、I "(Ej(p)-EF)｛Gp""(E)=Zj=1.2.3Zj"1"(') E－Eﾉ(")+EF+"
_L O(E"－Eﾉ(')) （3．16' E-Ej(')+EF-"'

withtheFermi energyE". Z)'"" :represents thewavefunction
renormalizationandbegivenby

[Zj""(')]-1=limGpm"(E)/(E-E/(')). (3.17)
E→Eバカ）

ThensubstitutionofEq. (3.14) intoEq． (3.15) leadsafterafew
manipulations to the followingexpression for the real and
imaginarypartsofXom"(q,90),

Re[獅繊"(','')]=Pz,z,I"zI""('+9/2)z,""('-,/2)
"(Ei(')-EF)-8(E'一Ei(p))

×
90-Ei(p+9/2)+Ej(p-9/2) ' (3.18）

I"z[xO蝿卿(',,,)]=z,z,I"z胤蝿7l(p+q/2)Z/m"('+9/2)
xO(Ei(')-EF)0(E万一Ei(p))6(90-Ei('+9/2)
+Ej(p-9/2)). (3.19)

ThefactorPinEq. (3.18) denotestakingtheprinciplevalue.
Toproceedfurtheranalysis,we introducetheHubbardtype
interaction(withineachlDCu-Ochain) defined insuchaway
that
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HereweneglecttherepulsionbetweentheneighbouringCu(1)
andO(1) (orO(4)) holes,becauseit ismuchsmaller thanthe
on-siteCoulombrepulsionUb"andUb".Towritetheformulation
inacompactform,weintroducethe3×31natrices,

XO'1 XO'2 X013 Ub" 0 0

Xo=| Xo2~ Xo22 Xo23 , U=| O Ub" 0 1. (3.21)
XO3' XO32 XO33 0 O Ub"

Then, thechainapproximationyields thefollowingexpression
forthewz－〃componentofthelDchorgeHuctutionmatrixX

x況施=XO77L施十Zf,jxO伽ZU〃xO”＋Zf,j,施,zxO汎‘U"xOj聡U脆‘xOz施
十…， （3.22）

wherethedotsstandforthehigherordertermswithrespectto
theCoulombrepulsions. FromEq． (3.22) itfollowsthat

X""={(1-x｡U)-'xO}加冗， （3.23）

where （M)‘jdenotesthe（？,ﾉ)-componentofthe3×3matrixMM.
ThedensitiesofstatesforthelDchargeHuctuationsZ'""are
givenby

恥勉(q,90)=21W[{(1-XoU)-'Xo}m"], （3.24）

wherelmmeanstakingtheimaginarypart. Fm"givesdistribution
oftheeigenenergiesofthecorrespondingchargefluctuation. The
factor2inEq. (3.24) comesfromthesummationoverthespin
index. InFigs、 5(a) and (b),wepresent theparticle-holecon-
tinumwhereRj isnon-vanishinginthe9-90 plane.Wenotice
thatintheholepictureweareusing, theFermi energyEF is
consideredtobeinsidethegapbetweentheBandODbandsor
neartheloweredgeoftheODband・ Figure5(a)cerrespondsto
thecaseofEFlyinginsidethegapbetweentheBandODbands,
andthentheparticle-holeexcitationsarerealizedonlvbvthe
interbandB-→ODandB->ABtransitions・ Theseexcitationstake
comparativelyhighfrequencies, owingtothe largeenergygaps.
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(a) and (b)
Particle-holecontinuum・ Inthehatchedregion, theParticle－hOleCOntlnuum. lnthehatChedreglOn, tne

Figs. 5
lmagl-

narypartofthefluctuationisnon-zero・ Parametervalues
arethesameas thoseemployed inFi9. 4. (a)EF 1ies
insidethegapoftheBandODbands. (b)EFliesinside
theODband;EF=2.05eV.
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Ontheotherhand,forE"lyinginsidetheODband,theintraband

(OD→OD) andinterband(OD→AB) transitionstakeplace,along
withtheB→ABandB→ODtransitions(Fig.5(b))． SincetheOD
bandisclosetotheABband, theparticle-holeexcitationsdueto
theOD-,ABtransitions takesmallerenergiesorequivalently

F11

O.4

FI1

04卜 0．2

q2
。

0 1 2 3 4 5 6 qo
(a)

Figs. 6. (a) and (b)
Energy90 dependenceof the spectrumFI,・ Parameter
valuesarethesameas thoseemployedinFi9.5. (a)EF
lies insidethegapof theBandODbands. (b(a, lies
inside theODband;EF=2.05eV． Um=8eVandUb=3eV.
ThecurvesC,andC2 correspond toq=0.1and0.6,re-
spectively.
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lower frequencies than thosedue to theB->ABandB－学OD
transitions.Wedepictthel-1componentofF", i､e.Fl, inFigs.
6(a)and(b)whereEFliesinsidethegapbetweentheBandOD
bandsfor (a) andinsidetheODandfor (b).Thesharppeaks
inthespectrumcorrespondthechargetransferexcitonicreson-
ances. InFig. 6(a)wefindtwosharppeakscorrespondingtothe
B→ODandB→ABtransitions (inorderof lowerenergy),while
inFig. 6(b) thereappearfourpeakcorrespondingtotheOD→OD,
OD-→AB,B-→AB,andB－うABtransitions・ Theothercomponents
ofRjbehavelikeR, inthegrossfeatures.
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Asfortheattractiveinteractionduetoscatteringofelectrons
fromexcitonicresonances,AIIender, BrayandBardeen3) have

derivedtheapproximaterelation,V～β/盃のp2, G)92,where"isthe
repulsionbetweenelectronsandFisthespecrtumoftheparticle-
hlOeexcitationswithQjpandのg beingtheplasmonenergyand
theenergygap. Howeverthisformula isnotnecessarilycon-
venientforthepresentmodel,sinceinourdiscussionthevarious
interbandandintrabandtransitionstakeplace. Thus, insteadof
theformulaobtainedbyAllenderetal,wemakeuseofaslightly
differentexpressionwhichisderivedasfollows.
Inthephonon-mediatedpairingmechanism, theattractionV
betweenchargecarriersisproportionaltotheinteractionofeach
carrierwiththepolarizablemedium,9． It isalsoproportionalto
theinverseofatypicalphononenergyE",theinverseindicating
howeasilythemediumispolarizable. ThuswehaveV～92/Epji.
Similarexpressionisvalidfortheattractioncausedbyexchange
of boson-likemodesother than the latticevibrations. Inthe

presentcase, theexcitonicresonanceshaveacontinumofeigen-
energies,which is specifiedbythe spectrumfunction (3.24).
Thus, itfollowsthat

I…<γ聯L(",k-9;9)E""(9,E)γ鰯(-偽,-ﾙ+9;9)>劉厭/E,V=Z加冗
（3.25）

where<…>4ymeanstakingtheaverageoverlDmomentum9,
andthethreepointvertices 7'definedby(3.6)and(3.7). InEq.
(3.25),wehaveassumedthevanishingtotalmomentumofa
Cooperpair. Thecalculatedresultsareillustrated inFi9.7,
representingtheEFdependenceofV. Inthis figure, thesolid
anddashedcurvescorrespondto the in-plane isotropicand in-
planeanisotropiccases. Inthispaper,wehave introducedthe
in-planeanisotropyonlybytheinequalities, j≠jbanuE｡,α≠E0,6
(referEq. (2.2)),whichaffectonthevalueof9"appearingin
thevertices (3.6) and (3.7). Insuchatreatment, the in-plane
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anisotropyinducesonlyasmallmodificationof theresult for

theisotropiccase，WhenEplies insidethegapbetweentheB
andODbands, thepossibleparticle-holeexcitationsaredueto
theB-→ODandB一歩ABtransitions. ThenwehaveV～0.4-0.5eV,
asillustratedbytheflatlinesinFi9. 7．WithincreasingE",Vin-
creasesrapidlytowarditsmaximumandthendecreasesgradually.
WhenthesmallamountofholesoccupytheODband,thereoccur
theparticle-holeexcitationsattributedtothe intrabandOD-→OD
andinterbandOD-→ABtransitions, inadditiontotheB－→ODand
B->ABtransitions・ BoththeOD-→0DandOD-→ABtransitions

takecomparativelysmallenergies, andtheymakea largecon-
tributiontoenhancingthevalueofV. Indeed, as isseenfrom
(3.25), theexcitonicresonanceswithlowerenergiesaremore

V

O8+

V
~

80

EF
04

0 ” 1．7 1,8
Fig. 7 Ferml

glven
sDond
Cases．

energy-dependences of the effective attractionV
byEV. (3.25).Thesolidanddashedcurvescorre-
tothe2Din-plane isotropicand in-planeanisotropic
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favorablethanthosewithhigherenergiesinenhancingVU ThuS,
theOD-→ODandOD冬一ABtransitionsaretheoriginoftherapid
increaseinthe~EpdependenceofMWenoticethatthemaximum
ofVisabout0.6～0.7eV. Althoughthesevaluesaresmaller, for
example, thanthoseobtainedbyRuvalds'4)usingthe2Dplasmon-
mediatedpairingmodel (V～1-1.4ev),thecalculatedvaluesstill
suggeststhesignificantroleofthemechanismdiscussedabove.
WenoticethatthepresenceofO(4) atomsplaysakeyrolein
ourdiscussion. Asstatedalready, inthe absenceofO(4) the
DOSforeachlDCu-Ochain iscomposedof thebondingand
adtibOndingbandswithoutthenarrowODband. Thenthecharge
fuctuationsstemonlyfromtheB->ABtransitions,whosecontribu-
tiontowardtheattractionisaboutahalfofthevaluesillustrated
inFig．7.

§4 Summary
Inthispaper,wehaveconsideredtheeffectiveattractioninduced
bythechargefluctuationsoccurringinthelDCu-Ochains・ Our
mainconcerninthispaperhasbeentodiscusscontributionof
theO(4) levelstowardtheattraction,andwehavestressedthe
roleof thenarrowoxygen-dominant bandconstructedmainly
fromthecouplingoftheO(4) andO(1) levels. Freemanetal'0)
havealsosuggestedthesignificanceof theO(4) levelscoupled
to the lDCu(1)-0(1) chains, inthe frameworkof theband
structuralcalculation.

Inthesuperconductingphase, theFermienergyEFinthehole
pictureliesi) aroundtheloweredgeoftheODbandorii) inside
theenergygapbetweentheBandODbands,andsuchparticular
postionsofEFmakethechargefluctuationsverysensitivetothe
holeconcentrationintheCu-Ochains・ Ourcalculationindicates
thatforbothcasesi) andii),theODbandgivesalargecon-
tributiontoenhancingthemagnitudeof theeffectiveattraction.
Inparticular, forthecasei) theelectronic transitions 'OD－今OD
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andOD-→ABtakeplaceinthechains,alongwiththoseobserved
forthecaseii),andmixingofsuchtransitionsmakesenhance-
mentofVmoreconspicuousthanthecaseofi).Furthermore,
theO(2,3)-0(4) distanceismuchshorterthantheO(2,3)-0(1))
(orCu(1)) distance, andthisleadstocomparativelylargeCoulmb
interactionbetweentheO(4) andO(2,3) holes, orequivalently,
largecontributionoftheO(4) levelsto thethreepointvertices
definedby(3.6) and (3.7).
Use ofMorel-Andersonformula'5) leads ton=<E/z">exp
[-(V-!")-1],where<E"泌>istheaveragedeigenenergyofthe
charge iluctuations, andV(") themagnitudeof theattractive
(repulsive) interaction. This formula indicates that high-n
superconductivityresultsfromthelarge<E"24>,i-e-highfre-
quenciesofparticle-holeresonancesinadditiontotheenhanced
V: TheinterbandtransitionsOD-→ABandB－･ABplayasigni-
ficantroleinenhancingthefrequenciesoftheresonancesaswell
asinenhancingVIwhile the intrabandOD-→ODand interband
B-→ODtransitionsmakeacomparativelylargecontributiontOward
theenhancementofVb Althoughthe introductionoftheO(4)
levelscoupledtothelDCu-Ochainstendstoreduce<E冗叫>, the
presenceoftheselevelsmakesthen-valuehigherviathecon-
spicuous increasingof the effectiue attraction・ The detailed
discussionwillbepresentedinaseparatepaper.'6)
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